Background: The purpose of this study was to investigate the correlation between the computed tomography pulmonary artery obstruction index and parameters of functional lung impairment in acute pulmonary embolism, and establish the value of these parameters in prognosticating right ventricular dysfunction and 30-day mortality. Methods: This study included 322 consecutive patients (mean age 45.6 AE 13.2 years, 46.9% male) with acute pulmonary embolism, free of other cardiopulmonary disease, who underwent computed tomography pulmonary angiography. Correlations of arterial CO 2 , O 2 , and alveolar-arterial oxygen gradient with the computed tomography pulmonary artery obstruction index, measured using the Qanadli score, were analyzed. Logistic regression was used to identify independent predictors of right ventricular dysfunction and 30-day mortality. Results: Of the 322 patients, 196 (60.9%) had right ventricular dysfunction, and 58 (18.0%) died within 30 days. The pulmonary artery obstruction index had a significant correlation with partial pressures of arterial O 2 (r ¼ À0.887, p < 0.001) and CO 2 (r ¼ À0.618, p ¼ 0.019) and alveolar-arterial oxygen gradient (r ¼ þ0.874, p < 0.001). Arterial O 2 pressure had a good predictive accuracy and discriminative power for both right ventricular dysfunction (sensitivity 80.6%, specificity 85.1%, area under the curve 0.91) and 30-day mortality (sensitivity 77.8%, specificity 82.0%, area under the curve 0.89). Conclusions: In patients with acute pulmonary embolism, free of other cardiopulmonary disease, parameters of functional impairment have a strong correlation with computed tomography pulmonary artery obstruction index. Hypoxia is an independent predictor of both right ventricular dysfunction and 30-day mortality in these patients.
Introduction
Reliable identification of the factors determining prognosis in patients with acute pulmonary embolism (PE) would be extremely valuable in choosing between ambulatory and in-hospital management. Acute PE impairs the efficient transfer of oxygen and carbon dioxide across the lung; hypoxemia, determined by partial pressure of oxygen (PaO 2 ), and an increase in the alveolar-arterial oxygen tension gradient are the most common gas exchange abnormalities. 1 Clot burden assessment by computed tomography (CT) pulmonary angiography (CTPA) has been suggested as a predictor of right ventricular (RV) dysfunction and short-term mortality, enabling more-accurate risk stratification in patients with acute PE. [2] [3] [4] Previous studies have suggested that in patients with acute PE (without other underlying cardiopulmonary disease), the severity of the pulmonary artery obstruction index (PAOI) correlates significantly with blood gas values. 5 Simple diagnostic tools such as arterial blood gas analysis may be of considerable diagnostic and prognostic value in the management of acute PE. The purpose of this study was to investigate possible correlations between CT and arterial blood gas data, specifically, PaO 2 , partial pressure of arterial carbon dioxide (PaCO 2 ), and alveolararterial oxygen gradient (PAO 2 -PaO 2 ). Furthermore, we wanted to establish whether these parameters of functional lung impairment in acute PE were independent predictors of RV dysfunction and 30-day mortality.
Patients and methods
This was a prospective, descriptive, single-center follow-up study. The study population consisted of 322 consecutive patients diagnosed with acute PE by CT. All participants provided written informed consent for inclusion and follow-up during this study, and the institutional ethics committee approved the study protocol. All study procedures were in accordance with the Declaration of Helsinki. Patients were excluded from the study if they were less than 18 years of age or had a prior PE or other cardiopulmonary disease. Cardiopulmonary disease was defined as any endocardial, myocardial, or pericardial disease; acute coronary syndrome; heart failure; chronic parenchymal or pleural thromboembolism; or chronic obstructive airway disease. A combination of history, physical examination, electrocardiography, echocardiography, and CT were used to exclude the possibility of underlying cardiopulmonary disease. Upon study entry, initial patient assessment included recording demographics, systolic blood pressure, diastolic blood pressure, heart rate, and respiratory rate. In addition, we measured the plasma levels of brain natriuretic peptide (Abbott Architect System; Abbott Laboratories, Abbott Park, IL, USA), D-dimer (Alere, Inc., Waltham, MA, USA), and troponin T (Abbott Architect System) within 12 h of diagnosis of PE. The study defined troponin T > 0.01 ng mL À1 as an indication of myocardial injury. Arterial blood gas data (ABL800; Radiometer Medical ApS, Copenhagen, Denmark) were obtained while the patients were breathing room air. This analysis measured PaO 2 and PaCO 2 . The PAO 2 -PaO 2 gradient was calculated using the standard equation first suggested by Cole and colleagues. 6 The baseline clinical characteristics, cardiac biomarkers, arterial blood gas values, echocardiographic and CTPA parameters of the 322 study patients are given in Table 1 .
All transthoracic echocardiography examinations were performed within 24 h after diagnosis of PE, in accordance with the recommendations of the American Society for Echocardiography.
7 Standard 2-5-MHz transducers were used for transthoracic echocardiography. RV dysfunction was defined as the presence of two or more of the following criteria on echocardiography: RV > 30 mm or RV/left ventricular end-diastolic ratio > 1 (apical 4-chamber view); dyskinesia or hypokinesia of the free RV wall; hypokinesia of the infundibular RV region with normal contraction of the RV apex; tricuspid annular plane systolic excursion < 15 mm; and RV/right atrial gradient > 30 mm Hg. 8 All patients underwent CTPA with a 64-mulitdetector row CT scanner in a caudocranial direction during an inspiratory breath hold. A 110-mL bolus of iodinated contrast was injected into the antecubital vein at a rate of 3-4 mL s
À1
. The PAOI was calculated according to the Qanadli score (0%-100% obstruction), taking into consideration the number of occluded segmental arteries and the estimated degree of occlusion of each vessel. 9 The maximum short-axis diameters were measured from the RV and left ventricle, and the RV/left ventricular ratio was subsequently calculated. CT studies were evaluated by two radiologists in consensus, who were blinded to the clinical, echocardiographic, and laboratory results.
The primary outcomes evaluated were all-cause 30-day mortality and RV dysfunction (diagnosed by echocardiography). Outcomes were assessed using patient or proxy phone interviews and/or review of the hospital medical records.
Normal distribution of data was assessed using the D'Agostino-Pearson test. Continuous variables are expressed as mean AE standard deviation. A two-tailed were assessed using Spearman's rank correlation coefficient. We used logistic regression to determine an independent association between potential predictors of 30-day mortality and RV dysfunction in patients with PE. Regression coefficients and odds ratios were calculated, and 95% confidence intervals were given according to the binomial distribution. Receiver-operating characteristic curves were constructed to assess the discriminatory power of these parameters to predict RV dysfunction and 30-day mortality. For all analysis, a two-tailed p value < 0.05 was used to define statistical significance.
Results
Of the 322 patients in the study group, 58 (18.0%) died within 30 days. The mean Qanadli score in the study population was 20.58 AE 10.76. (Table 1) The kappa statistic for interobserver agreement for CT PAOI measurements was 0.812 (p < 0.001). The parameters of functional lung impairment were found to have a statistically significant correlation with the PAOI (Qanadli score), as described graphically by the scatter plots in Figure 1 . CT PAOI correlated significantly with PaO 2 . Logistic regression identified the following parameters to be independent predictors of RV dysfunction in patients with acute PE: D-dimer, PaO 2 , and Qanadli score ( Table 2 ). The following were independent predictors of 30-day mortality: diastolic blood pressure, PaO 2 , RV dysfunction, and Qanadli score (Table 3) . Only PaO 2 and the Qanadli score were found to be significant predictors of RV dysfunction and 30-day mortality in patients with PE. The optimal cutoff value of PaO 2 for RV dysfunction and 30-day mortality was 72.5 and 64.5 mm Hg, respectively. PaO 2 had a good predictive accuracy for both RV dysfunction (sensitivity 80.6%, specificity 85.1%) and 30-day mortality (sensitivity 77.8%, specificity 82.0%).
The areas under the receiver-operating curves were 0.91 and 0.89 (Table 4) .
Discussion
Although arterial blood gas analysis has been extensively evaluated in the diagnostic algorithm for patients with acute PE, the existing literature is controversial. Few studies have demonstrated that arterial blood gas analysis is a valuable tool for excluding the diagnosis of PE. 10, 11 Egermayer and colleagues 12 found that the combination of a negative SimpliRED D-dimer test and PaO 2 > 80 mm Hg had a negative predictive value of 100% in patients suspected to have acute PE. However, other authors have noted that arterial blood gas data have insufficient discriminant value to permit exclusion of PE. 13, 14 In a study of 293 patients, Rodger and colleagues 13 concluded that arterial blood gas analysis alone or in combination with other clinical data did not have sufficient negative predictive value or specificity to be useful in the assessment of suspected PE.
In this study, we found a significant correlation between PAOI and arterial blood gas parameters in patients without underlying cardiorespiratory disease. The burden of embolic obstruction in acute PE has gained renewed interest because of the widespread use of CTPA for diagnosis of acute PE. The specific CT index used in this study, the Qanadli score, is superior to other indices because it is simple, reproducible, and found to be a predictor of RV dysfunction and shortterm mortality. 9, 15 In agreement with our results, two other studies have demonstrated a positive relationship between PAOI and hypoxemia. 4, 5 Sen and colleagues 4 noted that mean PAOI values were significantly higher in patients with syncope and hypoxemia (PaO 2 < 60 mm Hg, p ¼ 0.002). Although the PAOI had a significant correlation with all parameters of functional lung impairment, the correlation was stronger for PaO 2 and PAO 2 -PaO 2 gradient compared to PaCO 2 . This finding was in accordance with the study by Metafratzi and colleagues 4 showing a strong correlation between the Qanadli score and PAO 2 -PaO 2 gradient (r ¼ 0.39, p ¼ 0.02). 5 Furthermore, studies by McFarlane and colleagues 11 and McIntyre and colleagues 16 also demonstrated a positive linear correlation between PE severity and PAO 2 -PaO 2 gradient as well as PaO 2 levels. In contrast to our results, Rodrigues and colleagues 15 found no significant difference in PaO 2 levels in patients with Qanadli score > 18 (PAOI 45%). Logistic regression analysis revealed that hypoxia was an independent predictor of both RV dysfunction and 30-day mortality in patients with acute PE without underlying cardiorespiratory disease. Hypoxia was a significant predictor of short-term mortality in the prognostic models of Aujesky and colleagues 17 (PaO 2 < 90 mm Hg) and Wicki and colleagues 18 (PaO 2 < 60 mm Hg). 17, 18 Both models used a combination of risk factors, clinical examination, and arterial blood gas analysis to create a simple prediction rule that accurately identifies patients with acute PE who are at low risk of short-term mortality. Our results are in agreement with Grifoni and colleagues 19 who found patients with RV dysfunction to be more hypoxic (p < 0.001) and more hypocarbic (p < 0.05), although the significance of PaO 2 and PaCO 2 was not evident on multivariate analysis. 19 Several mechanisms can explain the arterial hypoxia in acute PE. Mismatch between ventilation and perfusion is the most common cause of impaired oxygen transfer. 20 Other mechanisms responsible include a right-to-left shunt, low cardiac output (as a result of RV dysfunction), and a diffusion impairment. 1 Hypocapnia is a result of increased activation of medullary chemoreceptors due to increases in the dead-space that impair the elimination of CO 2 . It has been suggested that the extent of pulmonary artery obstruction regulates the level of the hyperventilation response in acute PE. 5 A limitation of our study was that echocardiography was not performed immediately after the onset of PE, which may have led to missed diagnoses of RV dysfunction that resolved during the first few hours. Other limitations include use of routine CT angiography techniques rather than electrocardiography-synchronized scan protocols. However, we concluded that this study demonstrated a significant statistical correlation between PAOI and parameters of functional lung impairment, specifically PaO 2 , PaCO 2 , and PAO 2 -PaO 2 gradient. In addition, hypoxia was found to be an independent predictor of RV dysfunction and 30-day mortality in patients without underlying cardiopulmonary disease. Our observations suggest that routine arterial blood gas analysis will have a beneficial impact on risk stratification of patients with acute PE.
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